Latency (time delay) in head-tracked virtual environments (VEs) is well known to disturb users' sense of presence as well as hinder performance in manipulation tasks. We have determined in previous studies that observers cannot rely solely on direct temporal detection of time delay. They, at least in part, perceive the consequent visual "slip" of the VE scene from its expected spatially stable location. By employing an occlusion technique, the present experiment enabled comparison of the influence of visual image displacement and velocity errors on observer discrimination of VE system latency when using head-mounted displays. The results show better latency sensitivity (i.e., lower Just Noticeable Differences, or JNDs) in situations where velocity error magnitude predominates over displacement error cues, even though the velocity errors were visible for shorter durations. Correlation analyses indicate that latency-induced velocity errors are most closely related to latency JND than displacement errors.
INTRODUCTION
Latency (time delay) in teleoperation and virtual environments is well known to hinder performance in manipulation tasks (e.g., Sheridan & Ferrell, 1963) and disturb users' sense of presence (e.g., Meehan, Razzaque, Whitton, & Brooks, 2003) . Therefore, a need exists for techniques that mitigate time delay in virtual environment (VE) and teleoperation applications. While it is beneficial to minimize inherent system hardware and software latencies (e.g., , such efforts may prove insufficient because of computational loads or unavoidable long-distance transmission lags, necessitating the use of motion prediction (e.g., Azuma & Bishop, 1994) or other strategies to compensate for remaining delays. Understanding the mechanisms that underlie the perception of latency and its visual consequences will ultimately enable development of compensation techniques that target the most salient VE time delay cues without introducing undesirable artifacts.
Recent psychophysical studies have demonstrated that dedicated observers' sensitivity (i.e., just noticeable difference) to VE latency in a head-mounted display (HMD) system remains within a 6-20 ms range for scene complexities ranging from single, simple virtual objects to detailed photorealistically rendered environments . Additionally, we observed that the discriminability of hand (Ellis, Young, Ehrlich, & Adelstein, 1999a) and head (Ellis, Young, Adelstein, & Ehrlich, 1999b) latency in a VE does not follow Weber's Law because discrimination sensitivity to added delay increments was not proportional to the magnitude of the reference latency against which comparisons are made. In fact, sensitivity appeared to be constant across the three reference levels tested. An explanation for this absence of Weber's Law adherence is that observers base their discrimination, at least in part, on the latency's kinematic consequence when the observer moves. This consequence is manifested as visual "slip" of the whole VE scene, or of the tracked body components within the scene, from their expected spatial location in world coordinates. Apparently, observers cannot rely solely on direct temporal detection of time delay (Adelstein, Lee, & Ellis, 2003) .
The kinematic features of such latency-induced visual slip can include instantaneous offsets (i.e., displacements) as well as artifactual motion relative to the expected world coordinates of objects in the VE scene. The primate brain has visual receptor systems dedicated to motion detection (Lisberger & Movshon, 1999 ) that humans employ in perceiving optical motion (Nakayama & Tyler, 1981) . By integrating image location on the retina with proprioceptive and vestibular feedback of head-eye orientation, humans have visual awareness of object displacement in the world (Howard, 1982, pp. 361-411) . The purpose of the present study is therefore to compare the contribution of directly sensed visual displacements and velocities to latency discrimination.
MATERIALS AND METHODS
Participants wore a Virtual Research V8 TFT-LCD stereoscopic HMD to which was affixed the receiver of a spatially calibrated Polhemus Fastrak position and orientation sensor. The HMD is specified as having a 48° X 32° (horizontal X vertical) field of view (FOV) per eye at VGA (640 X 480 pixel) resolution. The HMD and Fastrak were interfaced to a dual-Xeon (2.4 GHz) Dell Precision 530 workstation, operating under Windows 2000, and equipped with a commodity NVidia GeForce FX-5900 graphics card.
The C++ software application that both generated the VE and controlled the progress of the experiment was built on an OpenGL framework written in-house. Standalone tracker software (AuAST from AuSim, Inc.), running as a background Windows service, deposited streaming (i.e., continuous rather than polled) Fastrak measurements into shared memory for the VE application to retrieve. A custom-built external microcontroller circuit developed in-house ) is used to trigger and set the relative phase of the Fastrak measurement MEETING-2005 and VE application cycles relative to the timing of the vertical synchronization (v-sync) signal of the video input to the HMD. This combination of shared memory data transfer and multi-process synchronization enabled the ~35,000 polygon experiment VE illustrated in Figure 1 to operate at a pre-set, uniform 14.5 ms internal latency-i.e., the interval from the instant of the Fastrak measurement until the first pixel arrives at the HMD. The VE update rate was fixed at 60 Hz by the refresh rate of the slowest component in our VE system, the V8 HMD.
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Participants, were asked to yaw their head from side-toside for two full cycles in time to the pacing of 1 Hz metronome beeps. A second audible tone alerted participants whenever their head yaw amplitude was greater than the ±20° motion limit they were instructed not to exceed. The top trace in Figure 2 illustrates the desired 4 s head motion interval (approximated as a cosinusoid) requested of the experiment participants.
The yaw angular displacement error and the corresponding angular velocity of the error in the lower two traces of Figure 2 are derived from the instantaneous amplitude difference between the input head rotation and the same rotation delayed by the VE system's latency. This error signal is equivalent to the movement the VE image would cast on the retina of an observer whose gaze direction was stabilized by simultaneously counter-rotating the eye to oppose the realworld head yaw angle. Note that if the observer were able to fixate to a point in the delayed HMD-presented VE space, no latency-induced motion would be seen on the retina.
Participants were seated in a virtual room that was only visible during the 4 s motion interval. The virtual room (shown in Figure 1 ) was presented under three viewing conditions. The first condition, termed "no blanking" (NB) allowed an unoccluded view as participants rotated their head. The next two conditions were designed to nominally maximize either the displacement or the velocity of the latency-induced image slip by blanking the entire display during selected epochs of the yaw trajectory interval shown in Figure 2 . The blanking patterns that would elicit largest peak displacement and motion cues were derived for the maximum 133 ms added latency condition used in the experiment. These blanking patterns are depicted in Figure 3 . The blanking pattern that offers the largest amplitude displacement error cue is termed "side blanking" (SB); the pattern providing the largest amplitude motion error cue is termed "center blanking" (CB). As can be seen in Figure 3 , the unoccluded duration under SB was designed to last ~3.5 times longer than under CB. Moreover, the nonblank segments for CB and SB do not overlap in time along the trajectory.
Regardless of the blanking condition, participants were presented in each trial with two randomly ordered latency intervals. One interval was a 14.5 ms reference level-the minimum sustainable internal latency for the experiment VE. The other was the probe stimulus in which a controlled amount of latency was added to the reference. After viewing each pair of intervals, participants responded via a handheld button press, judging in a two-alternative forced-choice manner whether the intervals were the "same" or "different." Participants were not provided any feedback on their responses.
The amount of added latency for the probe interval was controlled according to a two-down, one-up adaptive staircase algorithm (Levitt, 1970) , in which the stimulus level steps down after two consecutive "different" responses, and up after a single "same." The staircases' final latency step-size was 8.3 ms (corresponding to one Fastrak update period). Two staircases (one starting at zero and the other at 133 ms added latency) were interleaved to prevent participants tracking the sequence of probe stimulus presentations and thereby predicting the next trial latencies. Also shown are the relative magnitude and phase of the angular displacement and velocity errors due to the delay in the output yaw motion. The peak magnitude of the two error traces is linearly proportional to the amount of delay in the output (Adelstein et al., 2003) .
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Figure 3. Blanking conditions and head yaw angle, displacement error, and velocity error. (Top) Side Blanking condition permits the center region with maximum displacement error to be seen. (Bottom) Center Blanking condition permits the end regions at direction reversal with maximum velocity magnitude to be viewed. Head icons (middle) depict head pointing direction, the corresponding yaw angle for that time in the movement cycle. Shaded blocks indicate whether the scene VE scene is occluded for a given head yaw angle under the particular blanking condition.
Each participant commenced with a single NB staircase pair, not included in subsequent analyses, during which they observed the range of probe stimuli and learned the experiment response procedure. Participants who were unfamiliar with the concept of VE time delay were first presented with large, easily distinguishable intervals along with oral discussion of the visible displacement and motion consequences of excessive latency before commencing the practice staircase pair. The practice was followed by three consecutive staircase pairs for each blanking condition. All participants first completed the NB block, which then served as their individual experiment baseline condition. Participants were randomly assigned to two groups to balance for CB and SB block presentation order. Participants would typically take 12-18 minutes to complete a staircase pair. No more than four such sessions were permitted per day.
Eight participants (age 23-48, 6M and 2F) were recruited from colleagues at NASA Ames. All except author BDA were naïve to the exact purpose of the experiment. Two were practiced observers who had participated previously in other latency studies.
RESULTS
Detection rates (percent of judgments pronounced "different") were compiled separately from the three interleaved latency staircase runs for each of the three conditions. Sample detection data for one participant in the "no blanking" (NB) condition are plotted in Figure 4 along with the fitted Gaussian psychometric function. The Gaussian distribution's mean and variance respectively yield the point of subjective equality (PSE) and the just noticeable difference (JND). PSE is the level at which the observer judges with 50% likelihood that the probe and reference latencies are the same. Because JND is proportional to the variance, it is therefore a stochastic measure indicating the amount of additional latency required to increase an observer's detection probability to 75%. The 24 psychometric function fits (8 participants X 3 blanking conditions) were all significant (all p < 0.002 or better) with the single lowest Pearson correlation of r = 0.858, the next six with 0.907 < r < 0.965, and the remainder at r > 0.985.
JNDs and PSEs for the three blanking conditions from all eight participants are reported in Figure 5 . Evident is the trend of heightened JND (i.e., poorer sensitivity) and heightened PSE in the "side blank" (SB) condition, under which the VE was visible in the straight-ahead head direction but not at the left and right ends of travel. Because neither raw JND nor PSE data satisfy the normality and equal variance requirements for parametric ANOVA, nonparametric results are reported throughout. 
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Figure 5. JND and PSE data for the three blanking conditions (NB, CB, and SB) from all eight subjects. Bars indicate medians for each condition. Individual data marker styles (○ and ∆) indicate CB/SB presentation order. Filled ∆s indicate sole subject (author BDA) with a lower JND for SB than CB condition.
Friedman analyses of variance show that both JND (χ r Overall medians for the baseline-normalized JNDs were respectively 3.19 and 1.28 for SB and CB. With normalized JNDs greater for SB than CB in 7 of 8 participants, this difference was significant (Wilcoxon Matched-Pairs Signed-Ranks Test: T 8 = 3, p < 0.05 two-tail). This difference was also significant (T 8 = 0, p < 0.01 two-tail) for baseline-normalized PSE, with SB greater than CB for all eight participants (medians respectively 3.62 and 1.26).
Spearman correlation across the three blanking conditions indicated of the eight participants' ranks for JND that CB and NB were significantly correlated (r s = 0.881, p < 0.02 twotail), while SB and NB (r s = 0.500, p < 0.20) and CB and SB (r s = 0.286, p > 0.50) were not. The multiple correlation of NB on CB and SB (R N.CS = 0.918; F 2,5 = 14.78, p < 0.01) implies that there is negligible stepwise benefit from adding JND data from SB. This simple correlation model suggests that overall latency sensitivity (i.e., JND) ranks in the unoccluded NB condition can be predicted from JND ranks in the CB condition. The relation between JND ranks for the NB and CB condition is plotted in Figure 6 . 
DISCUSSION
Significant differences in JND and PSE were detected as the region during which the participants could view the VE was altered by the blanking conditions. The threefold growth in the baseline-normalized PSE median from the CB to SB
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condition also showed that response bias (related to observer judgment criteria) was affected by this experimental manipulation. The baseline-normalized JND median was ~2.5 times larger under the SB condition (where displacement error is maximized) than for the CB (where velocity error is maximized), indicating that observer sensitivity to latency was markedly poorer when latency-induced visual velocity error cues were reduced. Because the virtual room was visible for a much shorter duration in the CB than the SB condition, as shown in Figure 3 , this sensitivity difference is likely underestimated.
It should be noted that the peak in head yaw velocity roughly coincides with the peak in visual displacement error for the idealized motion profile illustrated in Figure 2 . As calculated for the 0.5 Hz sine pattern in Figure 2 , head yaw velocity magnitudes range from 36°/s to 63°/s during the 54% of the SB trajectory that the VE scene is not occluded. Depending on concomitant eye motion, such speeds can potentially trigger saccadic suppression, in effect instantaneously hampering observers' visual sensitivity and thereby diminishing their capability for detecting VE displacement or motion errors. Such visual suppression could be a factor in the poorer latency sensitivity in the SB condition. However, in the real world, the vestibular ocular reflex (VOR) typically stabilizes gaze direction as the head rotates at such speeds and frequencies (Howard, 1982, p. 377) .
What is not known here is how the eye moves in response to latency-induced motion and displacement in the HMD. Nonetheless, during post-study debriefings, our participants reported that they maintained fixation on a particular object or edge feature in the VE scene to aid in making their latency judgments. Thus, in the situation of the time-delayed VE, there is the possibility the observer's eye makes saccades in order to continually re-fixate a virtual object of interest that appears unstable with respect to what would otherwise be expected direction for a fixed-location real object. From Figure  2 , it is noteworthy that the largest displacement errors occur in the middle of the unoccluded portion of the SB condition and that this may suppress visual sensitivity to latency. However, without eye tracking or other measurements of oculomotor activity, we have no means of objectively ascertaining the types of eye motion patterns actually developed inside the HMD.
The correlation in JND was significant between the CB and NB conditions. Multiple correlation offered negligible improvement with inclusion of the SB condition in the JND model. These correlations imply that JND in the NB full-view condition can be most closely related to observer sensitivity to latency-induced velocity errors in the presence of cyclical head motions. The present study, however, does not resolve the relative importance of speed and direction, the two components from which the image slip velocity (a vector quantity) is formed.
Finally, the practical implication of the present results is that latency compensation techniques such as prediction should focus on ameliorating the impact of perceived latencyinduced image motion (i.e., instability) of VE images.
